The locations and functions of DNA sequences involved in transcription of the gene encoding herpes simplex virus type 1 immediate early (IE) mRNAs 4 and 5 were analyzed by use of a transient-expression assay. The region upstream of the genes encoding IE mRNAs 4 and 5 was fused to the thymidine kinase gene coding sequences, and production of enzyme or RNA was measured after transfection of plasmids into BHK cells. The effect of deletions in the upstream region was determined in the absence or presence of a virus structural component which stimulates herpes simplex virus IE transcription. Two distinct units were identified. One of these was a promoter which required not more than 69 base pairs of DNA specific for the genes encoding IE mRNAs 4 and 5 upstream from the mRNA 5' terminus. The other was a far-upstream region which mediated the response to the virion component and had an upstream boundary between nucleotides -347 and -335. An origin of DNA replication was interposed between these two units. The element TAATGAGATAC, which represents a consensus sequence present in the upstream regions of all herpes simplex virus type 1 IE genes, appeared to be essential for stimulation by the virion component. The activity of this element was modulated by the sequences which flank it, especially by regions having extremely high contents of guanine plus cytosine and which contain a conserved unit CCCGCCC or its complement GGGCGGG.
The locations and functions of DNA sequences involved in transcription of the gene encoding herpes simplex virus type 1 immediate early (IE) mRNAs 4 and 5 were analyzed by use of a transient-expression assay. The region upstream of the genes encoding IE mRNAs 4 and 5 was fused to the thymidine kinase gene coding sequences, and production of enzyme or RNA was measured after transfection of plasmids into BHK cells. The effect of deletions in the upstream region was determined in the absence or presence of a virus structural component which stimulates herpes simplex virus IE transcription. Two distinct units were identified. One of these was a promoter which required not more than 69 base pairs of DNA specific for the genes encoding IE mRNAs 4 and 5 upstream from the mRNA 5' terminus. The other was a far-upstream region which mediated the response to the virion component and had an upstream boundary between nucleotides -347 and -335. An origin of DNA replication was interposed between these two units. The element TAATGAGATAC, which represents a consensus sequence present in the upstream regions of all herpes simplex virus type 1 IE genes, appeared to be essential for stimulation by the virion component. The activity of this element was modulated by the sequences which flank it, especially by regions having extremely high contents of guanine plus cytosine and which contain a conserved unit CCCGCCC or its complement GGGCGGG.
Transcription of the herpes simplex virus (HSV) type 1 (HSV-1) genome can be divided into three temporally distinct phases named immediate early (IE), early, and late (5, 11, 33) . IE transcription occurs shortly after infection and is rapidly repressed when early RNA synthesis commences. If the transition from IE to early and late phases is prevented, large amounts of IE mRNAs accumulate, showing that IE genes can be transcribed very efficiently under certain circumstances (1, 9, 35) . Figure 1A shows the genome locations for the five major IE mRNAs. The 5' termini of IE mRNAs 4 and 5 map at equivalent loci within the internal and terminal inverted repeats and consequently are adjacent to identical promoter sequences (28, 36) . The experiments described here deal with these common promoter sequences, and therefore the conclusions apply equally to both genes. For convenience, they will be referred to as IE gene 4/5. This region of the genome also contains the 5' terminus of IE mRNA 3 and an origin of DNA replication (ORIs; see Fig. 1B ) (4, 12, 18, 27, 30, 31) , and one aim of the experiments reported here was to define the relationship of promoter and regulatory sequences of IE gene 4/5 to previously identified elements with known functions.
IE gene expression is known to be controlled in at least two ways: it is repressed by an autoregulatory mechanism which involves the IE gene 3 product, Vmwl75, and is stimulated by a component of the HSV particle (7, 8, 22, 23, 26, 34 (16, 25) was inactivated by irradiation with UV light as described previously (21) and the actual value for pSlTK in a given experiment was corrected to the average. The activities of the other plasmids tested in a given experiment were adjusted by the same factor.
Nuclease Si mapping. Cytoplasmic RNA was extracted as described previously (24) . A 5-,ug amount of the RNA was hybridized with a 5' terminally labeled Avall fragment derived from plasmid pGX35, exactly as described by Rixon and Clements (28) . The genome location of this fragment is indicated in Fig. 1B .
Plasmid deletions. The two sets of plasmid deletions (the pSTK and pTKN series) used in the experiments reported here were prepared by standard cloning procedures, and their structures are shown in Fig. 1C and 5 . All deletion endpoints were determined by DNA sequencing.
The construction of the plasmids is shown in Fig. 2 . The pSTK series was derived from the pS plasmids as described by Stow and McMonagle (31 (31) . These plasmids sequentially remove DNA sequences from -422 to -57 relative to the mRNA 5' terminus. When unstimulated expression was assayed, all plasmids directed similar levels of TK, except pS21TK, which was approximately threefold less active (Table 1 ). This experiment shows that sequences located not more than 69 bp upstream from the mRNA 5' terminus are sufficient for transcription and suggests an important role for the region between -69 and -57, which contains the motif GGGCGGG. The element located within 69 bp of the mRNA 5' terminus is referred to as the promoter.
When cells transfected with pSlTK were treated with inactivated tsK mutant, TK production was stimulated approximately eightfold (Table 1) ; values from individual experiments varied between sixfold and twelvefold. This result suggests that production of IE mRNAs 4 and 5, like that of other IE mRNAs, is increased by a virion component. Expression of plasmid pS12TK was stimulated to the same extent as pSlTK, but the degree of response with pS17TK was reduced to an average value of five-to sixfold. Although this reduction is not significantly greater than the variation in degree of stimulation between experiments, it was consistently observed within individual experiments. When the deletion extended to -315, as in pS14TK, or further, no effect of inactivated tsK was detected, thereby localizing an upstream boundary between -358 and -315 for sequences which are essential for the response to the virion component.
Synthesis of IE gene 4/5-specific RNA in transfected cells. To investigate whether stimulation of TK levels represented an increase in correctly initiated IE gene 4/5-specific transcripts, cytoplasmic RNA from transfected cells was analyzed by Si nuclease mapping (Fig. 3) . In mock-infected cells transfected with pS12TK or pS14TK, small amounts of 48-and 46-nucleotide bands were observed (lanes 5 and 6). These bands are equivalent to those representing the 5' termini of IE mRNA 4/5, shown in lane 1 (28) . In mutant tsKtreated cells, even cultures transfected with calf thymus 7) . The intense bands at the top of all lanes are due to reassociation of both the probe and a pAT153 band which copurified with the Avall A fragment.
DNA alone contained some IE gene 4/5-specific RNA (lane 4), presumably because this small target escaped total inactivation by UV irradiation. Cells transfected with pS12TK, however, showed an increase in correctly initiated transcripts (lane 2), whereas cells transfected with pS14TK did not (lane 3). This experiment demonstrates that the levels of TK measured in the transient-expression assay reflect the production of plasmid-directed cytoplasmic transcripts with IE mRNA 4/5-specific 5' termini.
Since plasmids pS12TK and pS14TK contained IE gene 4/5 upstream sequences fused to the TK structural gene, an (7) . With the exception of pTKN13, the plasmids to be described in the next section all have small deletions only in the far-upstream region, and changes in production of TK enzyme therefore reflect alterations at the transcriptional level.
Further analysis of far-upstream sequences. Figure 4 shows the nucleotide sequence for the region between -410 and -270, which spans the endpoint of the IE gene 4/5 farupstream region. Since plasmids pS12TK and pS17TK were stimulated by the virion component, it is clear that neither the TAACGAGGAAC (-391 to -381) nor the GGGCGGGG (-373 to -366) sequences in this region are essential for the response. Two additional features are highlighted in Fig. 4 : TAATGAGATAC (-338 to -328), which is very closely related to a consensus sequence found in all HSV-1 IE genes, and two blocks of very high G+C content. One block, (G+C)1 (-375 to -354), consists of 22 consecutive G or C residues, and the other, (G+C)2 (-303 to -276), has one T among 27 G or C residues.
To gain a more detailed knowledge of the sequences which are important for stimulation of IE gene 4/5 transcription, a second set of plasmid deletions (pTKN7-13, see Fig. 2 and 5 ) was constructed. The upstream endpoints of these plasmids were at -402, which did not delete any of the far-upstream region, -347, which was close to the endpoint of pS17TK but removed all of (G+C)1, and -335, which effectively changed the second and third nucleotides of the consensus sequence at -338 to -328 from AA to CC, since the EcoRI linker at the deletion endpoint had the structure GGAATTCC. Manipulation of these plasmids with fragments from pS14TK, pS16TK, and pS13TK enabled internal deletions of TAATGAGATAC (pTKN12), (G+C)1 (pTKN8), (G+C)2 (pTKN10) or both (G+C)1 and (G+C)2 (pTKN11 and pTKN13) to be constructed. The behavior of these plasmids in the transient-expression assay is shown in Table 2 located close to the mRNA 5' terminus, and a far-upstream region contains sequences which act as a target for stimulation by a virion component. The proposed layout of this region is shown in Fig. 6 (14, 19, 37, 39) reveals that the only highly conserved element is TAATGAGATAC. Since IE genes share a unique and specific response to the virion component, the only consistent interpretation of the results is that this 11 bp, conserved sequence is crucial for stimulation of IE gene transcription. A relatively strict adherence to the consensus appears to be important, especially in the first four nucleotides, since alteration of this part to TCCT abolishes its activity. Furthermore, the related element TAACGAGGAAC did not function in its natural position, even though it is adjacent to a G+C-rich region on its downstream side (Fig. 4) . A previous analysis showed that the sequences immediately adjacent to TAATGAR ATTC are moderately conserved, giving a longer possible consensus GYATG-TAATGARATTCYTTG-GGG (Y = pyrimidine) (14) . In the case of IE gene 4/5, the nucleotides in these additional positions matched the consensus poorly (the longer sequence is CGGCGGTAATGAGATAC GAGCCCCG), suggesting that their composition is not crucial for regulation of the gene.
The sequences which flank TAATGAGATAC modulated the degree of response to the virion component. From the upstream side, the extent of stimulation declined as (G+C)1 was deleted. At the downstream side, removal of most of (G+C)2 also reduced the response, but it is not clear whether similar removal of other downstream regions would give an equivalent effect. Further experiments are necessary to test this possibility. It may be that the small reduction caused by deleting (G+C)2 was simply due to altering the (13, 14) . In this respect, (G+C)1 contains an inverted repeat with no intervening sequences (-371 to -354), whereas a part of (G+C)2 (-286 to -277) is repeated in an inverted form 19 bp downstream, giving a potential structure with a 10-bp, G+C-rich stem and a 19-bp loop (19, 37) . If such elements are important, the loop size must be irrelevant to their mode of action. Figure 7 shows that all IE gene upstream regions have stretches of very high G+C DNA flanking a TAATGARATTC consensus. The sequence CCCGCCC or its complement GGGCGGG appeared in all these regions except the region upstream of TAATGATATTC in IE gene 1. These elements are very similar to CCCCGCCC and GGGCGG, which are present in important regions of the early TK promoter (17) , and CCGCCC, which is an active component of the simian virus 40 21-bp early promoter (10) . Any attempt to assign a function to this sequence in IE gene transcription must take account of the diverse structures and regulatory properties of the genes in which it has been identified. A further possible rationale for the effects of (G+C)1 and (G+C)2 is that DNA regions of almost 100% G+C, irrespective of their exact sequence, induce conformational changes at the A+T-rich consensus, thereby potentiating its activity (3) . There are great differences in the lengths of the G+C-rich regions and their positions relative to TAATGARATTC (Fig. 7) , and such variations might account for subtle differences in the properties of IE gene promoters, as discussed above for IE genes 3 and 4/5.
The concept of flanking sequences modulating the activity of an essential element has been recognized in other eucaryotic systems. A relevant example is the identification of two classes of point mutations within the simian virus 40 72-bp element (38) . One class, in the core sequence, destroys transcription enhancing activity, whereas mutations in other regions only reduce the effect. The function of essential elements in the simian virus 40 DNA replication origin and HSV ORIs is also affected by flanking sequences (20, 31) .
The results presented here show that the virion component recognizes a relatively large far-upstream domain in IE gene 4/5. It would be expected that a similar situation will apply to other IE genes. These findings provide a basis for detailed examination of the molecular changes caused by the virion component and suggest that the far-upstream region may be a binding site for the component itself or for other factors which interact with it. The outcome of such binding may be conversion of the far-upstream region to a potent RNA polymerase II entry site or stabilization of structural changes which increase the activity of the normal promoter.
